We study spin structures arising in a one-dimensional quantum dot with even number of electrons under the action of a charged probe of a scanning probe microscope in the presence of a weak magnetic field to show that this can be an effective tool to manipulate the spin. The spin structures are formed due to the Coulomb interaction of electrons that are redistributed between two quantum wells created by the probe. We find that switching between different spin states can be achieved either by moving the probe along the quantum dot or changing the probe potential. The transition between the spin states is accompanied by a spin precession governed by the Rashba spin-orbit interaction, induced by the electric field of the probe. In the transition region, the strong variation of the spin occurs while the charge distribution remains nearly unchanged, indicating the spin-charge separation. An analytic model is provided to study the electron-electron interaction effect on the energy level spacing between the singlet and triplet states in the many-particle spectrum of the system.
Spin manipulation attracts a good deal of attention in condensed matter physics in recent years [1] [2] [3] [4] [5] [6] as there appears to be a certain progress towards quantum computations using spins in quantum dots (QDs). [7] [8] [9] The physical mechanisms of the spin manipulation involve the non-trivial aspects of spin dynamics in low-dimensional quantum structures under the action of external electric fields, optical and magnetic perturbations, etc.
A promising tool to manipulate locally the electrons in a quantum system is the tip of a scanning probe microscope (SPM). Lots of activity has been aimed at imaging and manipulating electrons using the electrically charged probe. [10] [11] [12] [13] [14] [15] [16] Imaging is achieved by using the weak-probe regime, 17 while the strong-probe mode is relevant for manipulation. 18 Qian et al. proposed to use a mobile SPM tip to manipulate electrons in a one-dimensional (1D) QD.
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The strong negative potential of the tip divides the QD into two quantum wells. By moving the probe, electrons are pushed from one well to another. We draw attention to the fact that the electrically charged probe makes it possible to manipulate the spin as well.
In the present paper, we address the problem of the spin manipulation in a 1D QD with even number of electrons. With this goal, we study the electron charge and spin density distribution in the presence of a charged probe and its evolution under the probe displacement. This is a rather complicated problem since the spin manipulation becomes possible in the strong-probe regime due to a combined action of the e-e interaction and the Rashba spin-orbit interaction (SOI), 19 induced by the charged probe, in the presence of a weak external magnetic field. The e-e interaction leads to the formation of Wigner molecules 20, 21 and crucially affects the level spacing in the energy spectrum of the many-particle states with different spin configuration, such as singlet and triplet states. [22] [23] [24] Important effect of the interaction is also the Coulomb blockade of electrons divided by the probe. The Rashba SOI determines the spin dynamics in the course of the switching between different spin states.
We solve this problem for arbitrary e-e interaction strength and the probe position by using the exact diagonalization method. It is found that the displacement of the probe along the QD results in the abrupt switching of the spin state of the QD between a non-polarized and polarized states. In the transition region between the polarized and non-polarized states the spin precession occurs, while the spatial charge distribution remains essentially unchanged. Similar spin-switching effect occurs under the change of the potential of the probe kept at fixed position.
The formation of the spin-polarized state can be viewed as an analogue of the singlet-triplet transition (STT) in QDs. [25] [26] [27] [28] The fidelity of the electron states with different spin structure is characterized by the value ∆ SO of the ST energy splitting, which is determined by SOI. 29, 30 We investigate the dependence of ∆ SO on the SOI strength and e-e interaction strength.
Switching between the spin states is possible when the magnetic field exceeds a critical value B c . The magnitude of B c depends on the e-e interaction, vanishing with increasing the interaction strength, as in the homogeneous QD.
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To be specific, consider a 1D QD, containing four electrons, in the presence of a charged probe. The QD extends in the x-direction, the wave function Ψ obeys the open boundary conditions at the ends of the QD at x = 0 and x = L. The magnetic field B is directed along the z-axis. If the transverse quantization level spacing is larger that any energy scale under consideration, then the Hamiltonian is
where p xi is the momentum of i-th electron, σ z is the Pauli matrix, g is the effective g-factor. 
with ε being the dielectric constant, a the QD transverse size. The electron-ion interaction V (x), governed by the same pair potential U (x 1 − x 2 ) as the e-e interaction, is considered in the jelly approximation. The probe potential in the QD equals
with (x 0 , 0, z 0 ) being the probe position, Q the probe charge. The SOI Hamiltonian is taken as
where α is the SOI parameter, E z (x) is the z-component of the probe electric field.
The ground state wave function Ψ is found by exact diagonalization of the Hamiltonian (1). This involves expanding Ψ over the basis formed of the Slater determinants, built upon the single-particle wave-functions, the latter being chosen as the eigenfunctions of the kinetic energy part of Eq. (1). The spin density components, in the units of /2, are defined as
with γ = x, y, z, average taken over the ground state. Due to open boundary conditions, s y (x) = 0.
The system parameters are chosen to correspond to the InAs quantum dots, specifically, α = 117 eÅ 2 , the electron effective mass is m = 0.0265 m 0 , the static dielectric function is ε = 15, the Bohr radius is a B = 300Å. 19, 33 The bulk value of gyromagnetic factor g = −15 is assumed.
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The system length is L = 40 a B , the probe charge is Q = e, the height of the probe above the wire is z probe = 4 a B , the magnetic field corresponds to the cyclotron frequency of ω c /E 0 = 2 · 10 −4 , with E 0 being the longitudinal quantization energy. Fig. 1 shows the charge density distribution along the QD for three positions of the charged probe. As one shifts the probe along the QD from the left end towards the right one, the electrons forming the Wigner molecule are first squeezed to the right part of the QD, with spin density components being close to zero. At some critical probe position (x 0 ≈ 0.212) one electron passes to the left side of the probe. This transition is followed by the emergence of the z-component of the spin density, reaching its maximum amplitude as the probe is moving to the right, as can be seen from Fig. 2 . The switching of the spin state happens in a very narrow range of the probe position, the width δx 0 of which can be roughly estimated as (mx 3 0 / 2 )∆ SO . We emphasize that the charge density ρ(x) remains nearly constant in the transition region, which can be seen as a manifestaion of the spin-charge separation. The appearance of s z (x) at the critical probe position is accompanied by the emergence of the x-component of the spin density s x (x), as shown in Fig. 3 . Note that s x (x) is non-zero only in the narrow region of probe positions with the width of δx 0 . On the contrary, the s z (x) spin component exists within a band of a large enough width ∆x 0 , which depends on the magnitude of the e-e interaction strength and magnetic field. The band corresponds to the state in which one electron, with spin directed along the z-axis, is localized on the left of the probe, while three other electrons are situated on the other side of the probe. Three electrons exhibit an antiferromagnetic ordering, while there is a ferromagnetic correlation between the localized electron and the adjacent one (Fig. 2) .
Upon the further increase of x 0 , the second electron passes to the left of the probe, see the dotted line (c) in Fig. 1 . It carries the spin which is exactly opposite to the spin of the localized electron, so that the spin in each of the quantum wells on both sides of the probe turns to zero, in accordance with the Lieb-Mattis theorem.
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At the end of the first band where s z (x) = 0, the s x (x) component appears again in the narrow region of the probe positions. The s x (x) emergence is due to the spin precession in the transition region. The evolution of the spatial distribution of the charge and spin density components in the full range of probe positions is presented by the animation available at Ref. 37 .
The most illustrative characteristic of the emergence and evolution of the spin density components is the spin order parameter, defined as considered as an analogue of the STT. Fig. 6 shows the dependence of the energy spacing between the ground state and the first excited state, which differ in their spin structure, on the probe position. Four critical positions x 0 , at which the level spacing drops to ∆ SO , correspond to the four transitions of electrons from one well to another. The value of ∆ SO is an indicative characteristics that determines the fidelity of the definite spin state. Therefore, we estimate the magnitude of ∆ SO and its dependence on the e-e interaction strength, the amplitude of the SOI and the magnetic field. Below we develop an analytic model for two electrons with Coulomb interaction, subjected to the field of a charged probe. The single-particle Hamiltonian is H 1p = − We restrict the consideration to a two-level model, taken as the two lowest-lying single-particle terms 1 and 2 . The corresponding single-particle eigenstates φ 1 (x) and φ 2 (x) are localized on the different sides of the probe, which happens when the probe is close to the center of the system. The wavefunctions are orthonormal. The parameters are chosen so that the system is close to the STT. In the absence of e-e interaction, the ground state is φ 1 (x 1 )φ 1 (x 2 )χ S , with χ S being the singlet spin wavefunction. Now let us find the two-particle wavefunctions of the interacting system. The wavefunction of the singlet state is
where the coefficients a and b are defined by minimizing the variational energy of the full Hamiltonian H = H 1p + U (x 1 − x 2 ). They are
where A = ( 2 − 1 + J 1 − J 0 )/J 2 , with the exchange integrals J i specified in the Appendix. The ground state energy equals
The wavefunction of the triplet states has the form
where χ T stands for spin functions |T 0 = |S = 1, S z = 0 and |T ± = |1, ±1 . The triplet energy is
Now take into account the SOI of Eq. (4) to the first order of its strength. The only non-zero SOI matrix elements are between |S and |T ± states, so the ground state represents a linear combination between the three. At B = 0, the contributions of |T ± to the spin density cancel each other, which is why there is no spin response in the absence of magnetic field (none is expected, since the Hamiltonian that respects the time-reversal symmetry yields zero average value of the spin density in the nondegenerate ground state with integer full spin). However, in order for STT to occur the finite magnetic field B c is applied that effectively lifts the state |T + up, leaving us with a two-level model, with the matrix element being
The ST level spacing is
The ST level splitting ∆ SO is defined as the minimum value of ∆E ST . It is achieved at T− ≈ S , and is equal to
This formula, along with Eq. (10), shows that ∆ SO depends on the probe position and the e-e interaction strength, via the coefficient b. With increasing the ee interaction, b decreases, so at b → 0 the ST splitting vanishes, similar to the case of a uniform quantum wire.
31
In the frame of the model, we can find the spin density distribution to compare it with the exact diagonalization results. With SOI included, the ground state becomes
where
The spin density components are as follows,
and
, is a single-particle density. The amplitude A x = 2ac/(c 2 + 1) as a function of U has the form of the peak, reaching its maximum value of 1/ √ 2 in the vicinity of the STT, and vanishing away from it, with the width of the peak being determined by the magnitude of ∆ SO . The amplitude A z = c 2 /(c 2 + 1) has a step-like structure as a function of U , growing from 0 to 1 in the STT vicinity, with the saturation of the magnitude marking the onset of the spin-z polarization band, see Fig. 4 . These conclusions qualitatively agree with the exact diagonalization results.
To summarize, we have investigated the possibility to manipulate electron spin state in a 1D QD with even number of electrons by using the charged tip of the SPM. For this purpose, we have calculated the spatial distribution of the charge and spin density of a 1D QD, containing four electrons. An exact diagonalization approach was used to solve the problem for an arbitrary probe position and e-e interaction strength. The e-e interaction plays a key role in the formation of the spin structures. It is responsible for the Coulomb blockade of electrons divided by the probe. It also results in decreasing the spacing of the energy levels corresponding to different spin states. We have shown that the switching of the electron spin state is attained by moving the probe along the QD. The spin polarization along the z-axis occurs within two bands of probe positions. The width of the bands is determined by the e-e interaction strength and magnetic field. In the course of the transition there emerges a spin polarization along the x-axis. It happens in the narrow regions of the probe position, the width of which is determined by the Rashba SOI, induced by the probe electric field. It is worth mentioning that in the process of the transition between the polarized and non-polarized states the spatial charge distribution remains essentially unchanged. Similar effects are attained by changing the potential of the probe kept at fixed position. By analyzing the many-electron energy spectrum, we relate the spin state switching to the STT.
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APPENDIX
Here the interaction integrals of Eq.(7) are specified. The largest one is
which gives the "on-site" interaction, independent of the density overlapping between the wells. Other interaction integrals (18) + φ 1 (x 1 )φ 2 (x 1 )φ 1 (x 2 )φ 2 (x 2 )) ,
are as small as the overlapping is.
